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Class lla histone deacetylases (HDACs), such as HDAC4, 
HDAC5, and HDAC7, provide critical mechanisms for 
regulating glucose homeostasis. Here we report that 
HDACS, another class Ila HDAC, regulates hepatic glu- 
coneogenesis via deacetylation of a Forkhead box O 
(FoxO) family transcription factor, FoxO1, together with 
HDACS. Specifically, HDAC9 expression can be strongly 
induced upon hepatitis C virus (HCV) infection. HCV- 
induced HDAC9 upregulation enhances gluconeogenesis 
by promoting the expression of gluconeogenic genes, in- 
cluding phosphoenolpyruvate carboxykinase and glucose-6- 
phosphatase, indicating a major role for HDAC9 in the 
development of HCV-associated exaggerated gluco- 
neogenic responses. Moreover, HDAC9 expression lev- 
els and gluconeogenic activities were elevated in livers 
from HCV-infected patients and persistent HCV-infected 
mice, emphasizing the clinical relevance of these 
results. Our results suggest HDAC9 is involved in 
glucose metabolism, HCV-induced abnormal glucose 
homeostasis, and type 2 diabetes. 


Hepatitis C virus (HCV) infection is the leading cause of 
viral hepatitis, which may lead to chronic hepatitis in up 
to 60-80% of infected adults and can progress to liver 
fibrosis, cirrhosis, and eventually hepatocellular carci- 
noma (1,2). In addition, HCV infection may cause a variety 
of clinical extrahepatic manifestations (3). It is now widely 
recognized that chronic HCV infection is a metabolic disease 
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that is associated with the subsequent development of hy- 
perglycemia and type 2 diabetes mellitus (T2DM) (4). 

The association between HCV and T2DM was recog- 
nized over 30 years ago (5). Since then, many observa- 
tional studies assessing the association between HCV and 
T2DM have been published, which have provided mixed 
results. However, meta-analyses have demonstrated that 
HCV infection can promote the increased prevalence of 
T2DM (6). It is generally accepted that glucose intolerance 
is more prevalent in chronic hepatitis associated with 
HCV infection than in other chronic liver diseases, includ- 
ing hepatitis B infection (7). HCV infection per se is as- 
sociated with insulin resistance in the target pathways of 
endogenous glucose production and total-body glucose 
disposal (8). Thus, chronic HCV infection may directly 
predispose the host to abnormal glucose metabolism 
and is thus considered to be a risk factor for developing 
T2DM. However, the precise mechanisms underlying 
T2DM manifestation are poorly understood. 

Glucose homeostasis is maintained physiologically 
through a balance between glucose production by the 
liver and glucose utilization by the peripheral tissues via 
the gluconeogenic and glycolytic pathways, respectively. 
Gluconeogenesis is largely controlled at the transcriptional 
level by rate-limiting enzymes such as phosphoenolpy- 
ruvate carboxykinase (PEPCK) and glucose-6-phosphatase 
(G6PC). Expression of these enzymes is controlled by the 
hormonal modulation of transcription factors and coactivators, 
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including Forkhead box O (FoxO) proteins (9). The insulin- 
signaling pathway is a major pathway responsible for 
suppressing gluconeogenic transcription. Insulin-dependent 
control of gluconeogenesis is largely mediated through Akt, 
which phosphorylates and inactivates FoxO transcription 
factors (mainly FoxO1 and FoxO3) in mammalian livers 
(10). Recent studies indicate that HCV promotes hepatic 
gluconeogenesis through a phospho-FoxO1-dependent path- 
way (11,12). In addition to phosphorylation-dependent reg- 
ulation, however, FoxO activity is also modulated through 
acetylation by histone acetyltransferase enzymes such as 
p300. Acetylation of FoxO transcription factors occurs in 
response to oxidative stress or DNA binding, and it can be 
reversed by the action of deacetylases (13). 

Four families of histone deacetylases (HDACs) counteract 
the activity of histone acetyltransferases: class I (HDAC1, 2, 
3, and 8) and II HDACs; class III NAD*-dependent HDACs, 
known as sirtuins (SIRTs; SIRT1—7); and HDAC11, the sole 
class IV HDAC (14). Class II HDACs are further subdivided 
into the Ila (HDAC4, 5, 7, and 9) and IIb (HDAC6 and 10) 
subfamilies. Among the HDACs, HDAC3 and SIRT1 are well- 
known regulators of both fatty acid and glucose metabolism 
(15,16). Recent studies indicate that class Ila HDACs (HDAC4, 
5, and 7) are hormone-activated regulators of FoxO and mam- 
malian glucose homeostasis, especially gluconeogenesis (17). 
It is of great interest and importance to understand the 
biology of other HDACs in glucose homeostasis regulation 
and whether HDACs influence glucose metabolism abnor- 
mality in HCV-infected hepatocytes. 

Here, we report that HDAC9 regulates hepatic gluconeo- 
genesis via deacetylation of FoxO1 and HCV-induced HDAC9 
upregulation, causing an exaggerated gluconeogenic response. 
Moreover, both persistent HCV-infected transgenic mice 
and HCV-infected patients exhibited upregulated HDAC9 
in liver and induced gluconeogenic activity. These findings 
provide a clue to the possible mechanisms underlying the 
development of HCV-induced abnormal glucose homeostasis 
and T2DM. 


RESEARCH DESIGN AND METHODS 


Patients and Biopsies 

Human liver tissue samples from fine-needle biopsies 
were obtained from HCV-infected patients. Normal hu- 
man liver tissue was obtained from either spare donor 
tissue intended for transplantation or from normal liver 
tissue resected from patients with benign hepatic tumors. 
All human tissue samples were collected from the Liver 
Unit of The First Hospital of Jilin University and Tongji 
Hospital, Tongji Medical College of Huazhong University 
of Science and Technology, with local research ethics 
committee approval and informed patient consent. Di- 
agnosis of patients with chronic HCV infection and 
analysis of all biopsies were based on standard serological 
assays and the presence of abnormal serum aminotrans- 
ferase concentrations for at least 6 months. All patients 
with HCV tested positive for HCV antibody based on 
a third-generation ELISA test. HCV infection was confirmed 
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by detection of circulating HCV RNA using an HCV PCR- 
based assay (Qiagen). At time of biopsy, liver tissue (2-3 mm) 
was immediately frozen in TRIzol and stored at —80°C. 
Fasting glucose and insulin were measured on the days of 
biopsy. Insulin resistance was assessed by the HOMA-insulin 
resistance (HOMA-IR) score (calculated as [fasting insulin X 
fasting glucose]/22.5). 


Cells and Virus 

Human hepatoma HuH7.5.1 cell lines (provided by Frank 
Chisari) were cultured as described elsewhere (18). HuH7.5.1- 
H77 cells (H77; genotype 1a), HuH7.5.1-Con1 cells (CON1; 
genotype 1b), and HuH7.5.1-SGR-JFH-1 cells (SGR; geno- 
type 2a), which harbor the subgenomic HCV replicon, were 
derived from HuH7.5.1 cells and maintained in the same 
medium as HuH7.5.1 cells supplemented with 0.5 mg/mL 
G418 (Gibco). Primary hepatocyte cells isolated from C/O™2 
mice were performed as described elsewhere (19). The HCV 
J399EM strain was derived from the JFH-1 virus by in- 
serting enhanced green fluorescent protein into the HCV 
NSSA region (20). Virus production and infection were 
performed as described elsewhere (21). Mock-infection 
among controls was performed in parallel to virus infec- 
tions but in the absence of virus. For infection in vitro, 
PHT’? or HuH7.5.1 cells (1 X 10°) were infected with 
J399EM for the indicated time, with the indicated multi- 
plicities of infection (MOIs). 


Real-Time PCR and Western Blot Analysis 

RNA isolation, cDNA synthesis, quantitative PCR with 
indicated primers (Supplementary Table 1), and Western 
blotting were performed as described elsewhere (21). 
The NSSA antibody was a gift from Dr. C. Rice (The 
Rockefeller University). All other antibodies were pur- 
chased from Abcam (HDACY, ab18970); Santa Cruz 
Biotechnology (acetyl-FoxO1, sc-49437; phospho-FoxO1 
[Ser256], sc-16307; and ACTIN, sc1616); or Cell Signaling 
Technology (FoxO1, 9454; HDAC3, 3949; PEPCK, 12940; 
and GAPDH, 2118). 


RNA Interference 

For knockdown experiments, 50 pmol small interfering RNA 
(siRNA) specific for HDAC9 and a negative control (siNC) 
(Qiagen) (Supplementary Table 1) were transfected into 
HuH7.5.1 or SGR cells via Lipofectamine 2000 (Invitrogen). 


Glucose Production Assay 

The production of glucose was measured using an Amplex 
Red Glucose/Glucose Oxidase Assay Kit (Invitrogen) accord- 
ing to the manufacturer’s instructions. 


Coimmunoprecipitation and Immunofluorescence 
Assays 

Coimmunoprecipitation and immunofluorescence assays 
were performed as described elsewhere (21). 


PEPCK Activity Assay 
PEPCK enzyme activity was assayed using an NADH- 
coupled system as described elsewhere (22). 
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Transgenic Mice and Animal Study Design 

The transgenic C/O"® mice harboring both the human CD81 
and occludin (OCLN) genes were constructed as described 
previously (19). We used 8- to 12-week-old and sex-matched 
mice for in vivo experiments. The information about HCV- 
infected (n = 36) and mockinfected (n = 12) C/O™ mice 
raised in synchronization are listed in Supplementary Table 
2, and more information has been published previously (19). 
The animal studies were approved by the Institutional Animal 
Care and Use Committee of Nanjing Medical University. 


Metabolic Studies 

Glucose and insulin tolerance tests were performed by 
intraperitoneal injection of mice with glucose (2.0 g/kg), 
insulin (0.5 units/kg), or pyruvate (2.0 g/kg), according to 
methods described previously (23). Concentrations of in- 
sulin and C-peptide were quantified using a FLEXMAP 3D 
quantification system (Luminex, Austin, TX). 


Statistical Analysis 

Data are presented as means + SEMs. Statistical analysis 
was carried out using the Student t test when comparing two 
groups and ANOVA when comparing multiple groups. Dif- 
ferences were considered significant at P < 0.05. Statistical 
analyses were performed using GraphPad Prism software. 


RESULTS 


Upregulated HDAC9 and PEPCK Expression in Liver 
Biopsies From HCV-Infected Patients 

Previous studies suggest that the class Ila HDAC4, 
HDACS, and HDAC7 proteins play a central role in metabolic 
homeostasis. A comparison of the transcriptomes of HCV- 
infected and mock-infected HuH7.5.1 cells revealed that 
HDAC9 expression was enhanced by 16.25-fold in JFH- 
1-infected cells, whereas among the other HDACs, only 
SIRT1 and HDACS expression levels were increased 2.25- 
and 2.03-fold, respectively (data not shown). To confirm the 
results, we examined HDAC9 expression in liver biopsy sam- 
ples from HCV-infected patients. The demographic and clin- 
icopathological characteristics of 38 biopsies obtained from 
HCV-infected patients and 10 biopsies from normal control 
patients included in the study are shown in Supplementary 
Table 3. We observed a statistically significant increased 
HDAC9 expression in liver biopsies from HCV-infected 
patients (Fig. 1A and B). In the group of 38 HCV-infected 
patients, HDACI mRNA expression levels were positively 
associated with HCV viral loads in the liver (Fig. 1C), but 
not in the serum (data not shown). PEPCK mRNA levels 
were also elevated in HCV-infected patients (Fig. 1D). Re- 
markably, PEPCK enzymatic activity in samples from HCV- 
infected patients was three- to fourfold higher than in 
parallel samples from normal control patients (Fig. 1E). 
In HCV-infected subjects, the degree of HDAC9 and PEPCK 
gene induction seemed to be positively correlated (Fig. 1F). 
Further, we compared the induction of HDAC9 with PEPCK 
enzymatic activities and, again, a significant positive correla- 
tion was observed (Fig. 1G). To determine whether the 
HDAC9 overexpression observed in patients infected with 
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HCV correlated with systemic insulin resistance, we mea- 
sured fasting glucose and insulin concentrations on the day 
of the liver biopsy. A positive correlation between the in- 
duction of HDAC9 and HOMA-IR values was found in 38 
subjects (Fig. 1H). 


HCV Infection Upregulates Host HDAC9 Expression in 
an HCV-Dependent Manner 

We further analyzed our clinical findings in vitro. As shown 
in Fig. 2A, HDAC9 expression is upregulated in time- and 
dose-dependent manners following HCV infection, in par- 
allel with increasing HCV RNA levels. Similar HDAC9 upre- 
gulation was observed at the protein level (Fig. 2B and 
Supplementary Figs. 1C and 2A). Moreover, the expression 
levels of the other HDACs, including HDAC1-7 and SIRT1, 
were not upregulated (Supplementary Fig. 1). HDAC9 
mRNA and protein levels were also increased in H77 cells, 
CON1 cells, and SGR cells (Fig. 2C and D), which harbor 
the HCV 1a, HCV 1b, and HCV 2a subgenomic replicons, 
respectively, indicating that HCV-dependent HDAC9 upre- 
gulation was not genotype specific. 

To determine whether the observed HDAC9 induction 
was dependent on HCV, HCV-infected cells were treated 
with 2mAde (an HCV inhibitor that targets the viral NS5B 
protein). As shown in Fig. 2E and F, 2mAde treatment 
dramatically decreased HCV levels and HDAC9 upregula- 
tion in HCV-infected cells, whereas HDAC9 expression 
levels in control cells were not affected. Similar results 
were observed in HCV replicon cells (Supplementary Fig. 
2B and C). Transfection with siHCV, an siRNA targeting 
HCV, reduced HDAC9 expression by 80% and intracellular 
HCV RNA levels by ~90% (Fig. 2G), consistent with the 
fact that HCV infection stimulates HDAC9 expression. 
Interestingly, HCV-infected cells transfected with siRNAs 
targeting the HDAC9 sequence (siHDAC9-2~5) de- 
creased both HDAC9 and HCV RNA expression levels 
(Fig. 2G). siHDAC9-1 did not reduce either the expression 
of HDACY or HCV RNA levels. Two combinations of siRNAs 
(siHDAC9-2+3+4 and siHDAC9-2+4+5) significantly de- 
creased HDAC9 expression levels to ~30% or 40% of 
the control level in HCV-infected cells (Fig. 2G), respec- 
tively, in agreement with the effect in HuH7.5.1 cells (Sup- 
plementary Fig. 2D and E). These siRNA combinations 
also reduced HCV RNA levels to 14% or 15%, respectively, 
as also suggested by comparable downregulation of the 
NS3 proteins (Fig. 2H). Transfection with HDAC9 siRNAs 
exerted similar effects in HCV replicon cells (Supplemen- 
tary Fig. 2F and G). Downregulation of the NS3 proteins 
was also observed in HCV-infected-HDAC9 short hairpin 
RNA cells (Supplementary Fig. 4A). Furthermore, the 
small-molecule HDAC inhibitors sodium butyrate (NaB) 
and trichostatin A (TSA) significantly decreased HCV RNA 
and NS3 protein levels (Supplementary Fig. 2H and J), 
without affecting the viability of HuH7.5.1 cells (data not 
shown). These results suggest that, while HCV infection 
can upregulate HDAC9 expression in an HCV-dependent 
manner, HDAC9 silencing can also inhibit HCV replication. 
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Figure 1—HDAC9 expression and PEPCK enzymatic activity is upregulated in liver biopsies from HCV-infected patients. Box plot diagrams 
show the HDAC9 mRNA levels (A), PEPCK mRNA levels (D), and PEPCK enzymatic activity (E) in liver biopsies of 10 normal control patients 
and 38 patients with chronic hepatitis C. B: A representative example of a Western blot of HDAC9 shows samples of liver biopsy homogenate 
from normal control and HCV-infected patients. There is a positive correlation between HDAC9 mRNA and PEPCK mRNA levels in liver (C), 
HCV virus load in liver (F), PEPCK enzymatic activity in liver (G), or HOMA-IR score (H). Data are presented as means + SEMs. 


HDAC9 Mediates HCV-Dependent Gluconeogenesis 

Recent studies indicate that HCV promotes hepatic 
gluconeogenesis (12). In agreement with this, we found 
that PEPCK mRNA and protein levels were increased in 
a time- and dose-dependent manner following HCV in- 
fection (Fig. 3A and B, Supplementary Fig. 3A). In addi- 
tion, HCV infection induced the expression of another 
rate-limiting enzyme, G6PC (Supplementary Fig. 3B). 
2mAde treatment blocked PEPCK (Fig. 3C) and G6PC 
(Supplementary Fig. 3C) elevation in HCV-infected cells, 
confirming its dependence on the presence of HCV, sim- 
ilar to the effects observed in SGR cells (Supplementary 
Fig. 3D). To assess the physiological relevance of HDAC9 
and key gluconeogenic enzyme upregulation by HCV in- 
fection, we assayed for cellular glucose production, which 
reflects endogenous gluconeogenesis. The results showed 
that HCV infection caused elevated glucose production 


relative to the mock-infected control (Fig. 3D). By con- 
trast, 2mAde treatment of HCV-infected cells (Fig. 3D) or 
SGR cells (Supplementary Fig. 3E) significantly abrogated 
the increase in glucose production, suggesting that the 
elevation in gluconeogenesis was HCV-dependent. 

Class Ila HDACs are hormone-activated regulators of 
glucose homeostasis, especially gluconeogenesis. We next 
investigated whether the induction of gluconeogenic 
enzymes was dependent on HDAC9. Treatment with TSA 
and NaB reduced PEPCK (Fig. 3C) and G6PC (Supplemen- 
tary Fig. 3C) mRNA levels in mock- and HCV-infected 
cells relative to the control. HDAC9 silencing significantly 
attenuated PEPCK (Fig. 3E and F and Supplementary 
Fig. 4A) and G6PC (Supplementary Fig. 3F) expression 
in HuH7.5.1 cells, excluding the function of other HDACs. 
Furthermore, HDAC9 depletion also resulted in a marked 
decrease of HCV-induced PEPCK expression in both 
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Figure 2—HCV infection upregulates host HDAC9 expression. HCV RNA, HDAC9 mRNA (A), and HDAC9Y protein (B) levels in mock- or 
HCV-infected HuH7.5.1 cells at indicated MOls and time points (hours after infection [hpi]). HCV RNA, HDAC9 mRNA (C), and HDAC9 
protein (D) levels in H77, CON1, and SGR cells compared with HuH7.5.1 control cells. HCV RNA and relative intracellular HDAC9 mRNA (E) 
and HDAC9 protein levels (F) in mock- or HCV-infected cells (1.0 MOI) treated with 2mAde (10 mmol/L) for 96 h. HCV RNA and relative intracellular 
HDAC9 mRNA levels (G) and HDAC9 protein levels (H) in mock- or HCV-infected cells (1.0 MOI) pretransfected with HDAC siRNAs for 48 h at 96 
hpi. Data are presented as means + SEMs. #Indicates undetectable levels. *P < 0.001. Ctrl, control. 


HCV-infected cells (Fig. 3E and F and Supplementary Fig. 
4A) and SGR cells (Supplementary Fig. 3G), similar to the 
effect on G6PC expression (Supplementary Fig. 3F). Glu- 
cose production in HuH7.5.1 cells, HCV-infected cells, and 
SGR cells was consistently dramatically reduced compared 
with the control following HDAC9 knockdown (Fig. 3G 
and Supplementary Fig. 3H and I) or treatment with the 
HDAC inhibitors NaB and TSA (Fig. 3D). Taken together, 


these results demonstrate that HDAC9 plays roles in regu- 
lating gluconeogenesis in hepatic cells and in HCV-promoted 
gluconeogenesis. 


Involvement of HDAC9-Dependent Fox0O1 Acetylation 
in HCV-Induced Gluconeogenesis 

The FoxO1 transcription factor stimulates PEPCK and 
G6PC expression by binding directly to their promoters. 
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Figure 3—HDAC9 mediates HCV-dependent gluconeogenesis. Relative intracellular PEPCK mRNA (A) and protein (B) levels in mock- or 


HCV-infected HuH7.5.1 cells at the indicated MOls and time points. 


Relative intracellular PEPCK mRNA levels (C) and cellular glucose 


production (D) in mock- or HCV J399EM-infected HuH7.5.1 cells treated with 2mAde (10 mmol/L) for 96 h, NaB (10 mmol/L) for 72 h, or TSA 


(400 nmol/L) for 24 h, respectively. Relative intracellular PEPCK mRNA 


levels (E), protein levels (F), and cellular glucose production (G) as in 


Fig. 2G. Data are presented as means + SEMs. *P < 0.05; **P < 0.001. hpi, hours after infection. 


This binding is controlled by various posttranslational 
modifications, including phosphorylation, ubiquitylation, 
and acetylation. We examined whether HDAC9 influences 
the acetylation of FoxO1. 

Immunoblot analysis revealed that FoxO1 acetylation 
was dramatically decreased in HCV-infected cells com- 
pared with the mock-infected control, whereas total FoxO1 


protein levels were comparable (Fig. 4A). Conversely, treat- 
ment of HCV-infected cells with 2mAde restored FoxO1 
acetylation to approximately the same level as occurred 
in mock-infected cells (Fig. 4A). In addition, HDAC9 de- 
pletion led to increased acetylation of endogenous FoxO1 
in both HuH7.5.1 (Fig. 4B) and HCV-infected cells (Fig. 4C 
and Supplementary Fig. 4A). In a parallel experiment, 
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HCV replicon cells exhibited a similar result following 
2mAde treatment or HDAC9 knockdown (Supplemen- 
tary Fig. 4B and C). 

We further tested whether HDAC9 and FoxO1 are 
physically associated. HDAC9 coimmunoprecipitated with 
both the acetylated and nonacetylated forms of FoxO1 in 
both mock- and HCV-infected cells (Fig. 4D, second and 
third panels). It has been reported that class Ila HDACs are 
catalytically inactive and exhibit activity only when associ- 
ated with the catalytically active class I HDAC family mem- 
ber HDAC3 (17,24). Consistent with these observations, 
endogenous HDAC9 coimmunoprecipitated with HDAC3 
(Fig. 4D, second and fourth panels). Of note, HCV infection 
greatly enhanced the association between endogenous 
FoxO1 and HDAC3, suggesting that HDAC9 upregulation 
stabilizes complex formation between HDACY, FoxO1, and 
HDAC3 (Fig. 4D, third and fourth panels). 

Data from a previous study show that HCV infection in 
human hepatocytes can impair insulin-induced FoxO1 
translocation from the nucleus to the cytoplasm (25). We 
tested whether HDAC9 is involved in HCV-promoted 
FoxO1 nuclear accumulation. Mock-infected HuH7.5.1 
cells were treated similarly for comparison purposes 
(Fig. 4E and Supplementary Fig. 4D). Consistent with 
the decreased levels of endogenous FoxO1 acetylation ob- 
served in HCV-infected cells, most HCV-infected cells dis- 
played nuclear FoxO1 localization, whereas treatment 
with 2mAde induced FoxO1 translocation to the cyto- 
plasm (Fig. 4E). HDAC9 knockdown increased endogenous 
FoxO1 acetylation (Fig. 4C), which was excluded from the 
nuclei in these cells (Fig. 4E and Supplementary Fig. 4E). 
Similar results were observed following NaB and TSA 
treatment (Fig. 4E). A cell fractionation study further in- 
dicated that HDAC9 depletion reduced nuclear FoxO1 in 
HCV-infected cells, and the acetylation form of FoxO1 
was significantly reduced in both cytoplasmic and nuclear 
fractions (Fig. 4C). Moreover, HDAC9 accumulated in the 
nuclear fraction in both mock- and HCV-infected cells 
(Fig. 4C and E). 

Taken together, these results suggest that HDAC9 can 
control FoxO1 acetylation in hepatocytes and that HCV- 
induced nuclear HDAC9 upregulation suppresses FoxO1 
acetylation, leading to the nuclear accumulation of FoxO1. 


Exaggerated Gluconeogenic Response via HDAC9 
Upregulation in Persistent HCV-Infected Mice 

We further demonstrated the relevance of our clinical and 
in vitro findings in transgenic ICR mice (C/O’®) that spe- 
cifically expressed human CD81 and OCLN in their hepa- 
tocytes. The same cohort of transgenic mice, which can 
support persistent infection by HCV particles derived 
from either cell cultures or chronically infected patients, 
was described previously (19). Elevated fasting plasma 
glucose levels were observed in chronically HCV-infected 
C/O" mice during the 10 months after infection, com- 
pared with mock-infected control mice (Supplementary Table 
2). Administration of glucose to HCV-infected transgenic 
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mice revealed a significant impairment of glucose toler- 
ance at 1 month after infection, compared with control 
mice of the same age (Fig. 5A). The insulin tolerance test 
conducted at 1 month after infection revealed that the 
reduction in plasma glucose concentrations after intraper- 
itoneal insulin administration was impaired in chronic 
HCV-infected C/O"? mice, which displayed higher plasma 
glucose concentrations than did control mice at all time 
points measured (Fig. 5B). Accordingly, the HOMA-IR 
values, a measure of systemic insulin resistance, were 
also elevated in HCV-infected mice compared with con- 
trols (Supplementary Table 2). 

We then determined the effect of HCV infection on glu- 
coneogenesis in vivo by examining blood glucose concentra- 
tions in mice following intraperitoneal injection of pyruvate, 
a major gluconeogenic substrate. HCV infection induced 
pyruvate tolerance in C/O"® mice, as represented by a signif- 
icant increase in the area under the curve (AUC) (Fig. 50), 
suggesting an increased hepatic glucose output in HCV- 
infected C/O" mice. Furthermore, PEPCK enzymatic activities 
in liver samples of C/O" mice were significant increased over 
time following HCV infection for over 10 months (Fig. 5D). 

HDAC9 expression levels were analyzed to assess the 
correlation between HDAC9 expression and glucose ho- 
meostasis abnormality in HCV-infected mice. In contrast to 
mock-infected mice, HDAC9 expression at both the mRNA 
and protein levels increased continuously during the 10 
months after infection among chronically HCV-infected 
C/O" mice (Fig. 5E and F and Supplementary Fig. 5). This 
result was confirmed by in vitro studies showing that in- 
fection of primary hepatocytes isolated from C/O'® mice 
with HCV induced HDAC9 expression (Fig. 5G and H). 
Consistent with the in vitro findings, FoxO1 acetylation 
and phosphorylation dramatically decreased in both HCV- 
infected C/O" mice (Fig. 5F) and primary hepatocytes 
(Fig. 5H) compared with the controls, whereas total FoxO1 
protein levels were comparable. 


DISCUSSION 


HDACs regulate acetylation of histones and transcrip- 
tional factors involved in glucose homeostasis and play 
a central role in the regulation of glucose metabolism 
(26). In this study we demonstrated that HDAC9, a class 
Ila HDAC, is involved in gluconeogenesis in liver via 
deacetylation of the FoxO1 transcription factor together 
with HDAC3. In particular, HDAC9 can be strongly in- 
duced upon stimulation, such as HCV infection. HDAC9 
upregulation induced by HCV infection promoted the ex- 
pression of gluconeogenic genes such as PEPCK and en- 
hanced gluconeogenesis. These results suggest a plausible 
molecular mechanism for HCV-induced abnormal glucose 
homeostasis and T2DM. 

Previous studies showed that class Ila HDACs such as 
HDAC4, 5, and 7 regulate FoxO and glucose homeostasis 
responses to the fasting hormone glucagon in the liver 
(17). Glucagon-induced dephosphorylation of HDAC4, 5, 
and 7 results in the nuclear translocation and deacetylation 
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Figure 4—HDAC9-dependent Fox0O1 acetylation is involved in HCV-induced gluconeogenesis. A: FoxO1 and acetyl-FoxO1 (Ac-Fox0O1) protein 
levels in mock- or HCV J399EM-infected (1.0 MOI) HuH7.5.1 cells treated with 2mAde (10 mmol/L) for 96 h. B: HDAC9, FoxO1, Ac-FoxO1, and 
phospho-FoxO1 (P-FoxO1, Ser256) protein levels in HUH7.5.1 cells transfected with HDACY siRNAs. C: HDAC9, FoxO1, Ac-FoxO1, and HDAC3 
protein levels in whole-cell lysate (WCL) or cytoplasmic (Ctyo) and nuclear fractions from mock- or HCV-infected (1.0 MOI) cells pretransfected 
with a combination of siHDAC9-2+3+4 for 48 h at 96 h after infection. D: Endogenous HDAC9 (second panel), FoxO1 (third panel), or HDAC3 
(fourth panel) was immunoprecipitated from mock- or HCV J399EM-infected cell lysates (1.0 MOI) and immunoblotted with the indicated 
antibodies. The WCL for immunoprecipitation was trisected and immunoblotted with the indicated antibodies (first panel). Goat anti-rabbit-IgG 
or rabbit anti-mouse was used as the negative control. E: Endogenous FoxO1 protein was detected by immunofluorescence in mock- or HCV 
J399EM-infected (1.0 MOI) HUH7.5.1 cells treated with 2mAde, NaB, TSA, or HDAC siRNA, respectively. Scale bars = 10 um. IB, immunoblot; 
IP, immunoprecipitation. 


of FoxO, enhancing its association with gluconeogenic gene HDAC9 may act as a scaffold to recruit HDAC3, similar 
promoters. We found that HDAC9 showed a predominant to its mode of action in regulatory T cells (27). The result- 
nuclear localization in hepatocytes. Within the nuclei, ing catalytically active HDAC complex can deacetylate 
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Figure 5—HDAC9 upregulation induced exaggerated gluconeogenic response in persistent HCV-infected mice. Male and female chron- 
ically HCV-infected C/O' mice (1 month after infection) and mock-infected mice were fasted overnight. Blood glucose was monitored 
following intraperitoneal administration of glucose (2.0 g/kg) (A), insulin (0.5 units/kg) (B), or pyruvate (2.0 g/kg) (C). Total AUC is expressed 
as mean SEM relative to average mock-infected control values (n = 6-12). D: PEPCK enzymatic activity in liver after C/O'? mice were 
infected with HCV J399EM for the indicated time. Mock-infected C/O"? control mice were collected at random at different times after infection 
(n = 3-7). E: Intracellular HDAC9 mRNA levels in liver of C/O"? mice mock-infected or infected with HCV J399EM for the indicated time (n = 3-6). 
F: HDACQ, FoxO1, and acetyl-FoxO1 (Ac-FoxO1) protein levels as in D. The data shown are representative of three independent experiments. 
Bar graphs below represent densitometric analysis performed to quantify the relative intensity of HDAC9- and Ac-FoxO1/Fox01 -immunoreactive 
bands detected by Western immunoblotting. HCV RNA and intracellular HDAC9 mRNA levels (G) and HDACY, FoxO1, Ac-FoxO1, and phospho- 
FoxO1 (P-FoxO1; Ser256) protein levels (H) in HCV-infected C/O"? primary hepatocytes (1.0 MOI) at indicated times. Data are presented as 
means + SEMs. *P < 0.05; **P < 0.001. d, day; hpi, hours after infection m, month; w, week. 
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nuclear FoxO1, leading to the acute transcriptional induc- 
tion of gluconeogenic enzymes. HDAC9 suppression in he- 
patocytes results in the inhibition of gluconeogenic genes 
and gluconeogenesis. These results indicate HDAC9 may 
regulate glucose homeostasis under normal physiological 
conditions. Unlike other class Ila HDACs that are regulated 
by posttranslational modification responses to fasting in 
liver (17), HDAC9 regulates gluconeogenesis specifically 
via eliciting gene expression-level changes. HCV infection 
significantly upregulated the expression of only HDAC9, 
not other HDACs, suggesting that class Ila HDACs may 
be induced via different mechanisms. It is of interest to 
identify the stimulus for HDAC9 induction under physio- 
logical conditions and to investigate the mechanism 
whereby HDAC9 responds to a given stimulus to maintain 
normal glucose homeostasis. Knockdown of HDAC9 ex- 
pression in vivo completely protected mice from the con- 
sequences of high-fat feeding, including elevated blood 
glucose, cholesterol levels, and fatty liver disease (28). 
Thus, HDAC9 may play a role in regulating gluconeogenesis 
and glucose homeostasis during high-fat feeding. 

It has been reported that increased oxidative stress 
may be an initial key event that triggers high-fat diet- 
induced insulin resistance (29,30). Hepatic oxidative 
stress is a prominent feature of chronic HCV infection, 
and oxidative stress upregulates HDAC activity (31,32). 
We found that HCV-induced oxidative stress increased 
HDAC9 expression, whereas the antioxidant N-acetyl-L- 
cysteine restored HDAC9 expression in HCV-infected cells 
(Supplementary Fig. 6A and B) and HCV replicon cells 
(Supplementary Fig. 6D and E). However, while antioxi- 
dant treatment markedly reduced glucose production and 
gluconeogenesis following HCV infection (Supplementary 
Fig. 6C and F), its effect on gluconeogenesis was weaker 
than that of an HDAC9 siRNA or an HDAC inhibitor, 
suggesting that HDAC expression is regulated by other 
factors in addition to reactive oxygen species. However, 
the individual expression of each HCV protein could not 
enhance HDAC9 expression (data not shown). HCV rep- 
lication is associated with the endoplasmic reticulum (ER), 
where the virus causes stress. It is reported that ER stress 
is emerging as a potential contributor to the onset of 
T2DM by making cells resistant to insulin. Understanding 
the role of HCV in ER stress will provide insight. More- 
over, since the best-characterized 14-3-3 target chromatin- 
modifying enzymes are class Ila HDACs (33,34), it will be 
interesting to determine whether HCV also regulates HDAC 
regulators, such as the 14-3-3 proteins. 

FoxO1 regulates multiple metabolic pathways in the 
liver, including gluconeogenesis, glycolysis, and lipogene- 
sis (9). HCV infection may promote FoxO1 activation by 
a two-pronged mechanism, whereby diminished insulin 
signaling results in dephosphorylation of the Akt sites 
in FoxO1, allowing its reentry into the nucleus (12,25). 
In addition, HCV-induced expression of HDAC9 may 
cause deacetylation of nuclear FoxO1, enhancing FoxO1 
DNA-binding activity and association with gluconeogenic 
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gene promoters, thereby enhancing the transcription of 
rate-controlling gluconeogenic enzymes. HDAC9 knock- 
down in both hepatic cells and HCV replicon cells resulted 
in increased acetylation and phosphorylation of endoge- 
nous FoxO1 (Fig. 4B and Supplementary Fig. 4C). These 
results support the observation that FoxO acetylation ren- 
ders FoxO phosphorylation sites more accessible to Akt 
and other inactivating kinases (35). Our findings therefore 
suggest a mechanism by which aberrant HDAC9 induction 
may contribute to the development of HCV-induced glu- 
cose homeostasis abnormality. 

Our recent study showed that transgenic ICR mice 
expressing both the human CD81 and OCLN genes (C/O"®) 
are permissive to HCV infection (19). Persistent HCV in- 
fection in this murine model further exhibited disease 
manifestations, including chronic viral hepatitis, steatosis, 
and fibrosis. Here, we report that persistent HCV infection 
in this model also resulted in insulin resistance and hyper- 
glycemia, as reported in patients with chronic HCV infec- 
tion (Supplementary Tables 2 and 3). Furthermore, both 
HDAC9 expression levels and gluconeogenic activity were 
increased in liver tissues from chronic HCV-infected rodent 
models and HCV-infected patients. Thus, HCV infection 
may lead to abnormal glucose homeostasis through 
HDAC9 upregulation, which results in deacetylation of 
nuclear FoxO1, enhancement of FoxO1 DNA-binding activ- 
ity and association with gluconeogenic gene promoters, and 
finally increased hepatic gluconeogenesis. This potential 
mechanism indicates that HDAC9 may be a potential thera- 
peutic target for suppressing hepatic gluconeogenesis and 
lowering blood glucose, and small-molecule inhibitors of class 
I/Ila HDACs may be useful as HCV-associated T2DM thera- 
peutics. Several pan-HDAC inhibitors are currently in phase 
I-III clinical trials. Vorinostat, the first HDAC inhibitor de- 
veloped, has already been approved for treatment of a malig- 
nant disease (36,37). The potential utility of HDAC inhibitors 
for treating metabolic disease therefore merits consideration. 
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